Co-localised Raman and force spectroscopy reveal the roles of hydrogen bonds and p-p interactions in defining the mechanical properties of diphenylalanine nano-and micro-tubes An integrated atomic force and polarized Raman microscope were used to measure the elastic properties of individual diphenylalanine (FF) nano-and micro-tubes and to obtain quantitative information regarding the inter-molecular interactions that define their mechanical properties. For individual tubes, co-localised force spectroscopy and Raman spectroscopy measurements allowed the calculation of the Young's and shear moduli (25 6 5 GPa and 0.28 6 0.05 GPa, respectively) and the contribution of hydrogen bonding network to the Young's modulus ($17.6 GPa). The p-p interactions between the phenyl rings, dominated by T-type arrangements, were estimated based on previously published X-ray data to only 0.20 GPa. These results provide experimental evidence obtained from individual FF tubes that the network of H-bonds dominates the elastic properties of the FF tubes. Self-assembled amyloid-like structures have unique physical and chemical properties, providing opportunities for engineering nano-and micro-scale biomaterials. 1, 2 The formation of fibrils has also been associated with numerous pathologic conditions such as Alzheimer's and CreutzfeldtJacob diseases. [3] [4] [5] The diphenylalanine (FF) (L-Phe-L-Phe) peptide is the core recognition motif for self-assembly of the b-amyloid peptide associated with Alzheimer's disease. 6 This peptide has been used as a building block for fabrication of nano-and micro-tubular structures ( Fig. 1 ) that have been proposed for biosensing, bioimaging, drug delivery applications, as well as for 3D tissue culture scaffolds. 7 Previous studies showed that the elastic moduli of protein fibrils vary over four orders of magnitude. 8 For some amyloid fibrils, values of the Young's moduli as high as 13 GPa have been measured. 8 Theoretical models indicated that the back-bone interactions, which are dominated by the hydrogen-bonding network and modulated by side-chain interaction, were crucial in stabilizing the structure of the fibrils and defining their high rigidity. 8 Similarly, the high density of H bonds between the nanoscale crystalline monomers in silkworm and spider silks was shown to provide high elastic moduli, similar to amyloid-fibrils. 9 The mechanical properties of FF tubular structures have been measured by atomic force microscopy (AFM) indentation measurements and bending beam models. 10, 11 The values for the Young's moduli from these studies were reported to be 19 GPa (Ref. 10) and 27 6 4 GPa, 11 and shear modulus of 0.15 6 0.02 GPa. 11 Recent density functional theory studies described the structure of the FF fibrils in terms of an array of peptide nanotube backbones with interpenetrating "zipperlike" aromatic interlocks. It was suggested that the Young's modulus in the longitudinal direction had a dominant contribution from the H bonds linking the peptide backbones, while dispersive interactions, mostly p-p interactions, had a contribution higher than $50% to the Young modulus in the directional perpendicular to the tube axis ($8.8 GPa). 12 In this study, an integrated atomic force-Raman microscope was used to perform co-localised force spectroscopy and polarised Raman micro-spectroscopy (PRMS) measurements on individual FF nano-and micro-tubes. Such a setup allows measurement of the Young's and shear modulus by the bending beam method described and co-localised polarized Raman spectra that reveal the molecular structure, orientations, and force constants for particular vibrational modes. Therefore, the Young's modulus and the contributions from the hydrogen bonded to the mechanical strength can be measured experimentally on individual FF tubes.
All peptide solutions were prepared by initially solubilising lyophilised L-diphenylalanine (FF) peptide (Sigma Aldrich) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Sigma Aldrich) to give a stock solution of 100 mg/ml. Stock solutions were further diluted to a working concentration of 2 mg/ ml using ultrapure water (pH 6, resistivity 18.2 MX cm). Copper transmission electron microscope (TEM) grids with window size of 19 Â 19 lm (G1000HS, Gilder grids, UK), which have empty windows, were utilized as a support for the tubes. Using a pair of tweezers, the TEM grids were pulled gently through a solution of FF tubes so that tubes attached on one side. Immediately after this, the grids were deposited onto a quartz microscope slide (SPI supplies) and air-dried.
All measurements were performed using an in-house polarized Raman micro-spectrometer and integrated atomic force microscope (NanoWizard II, JPK). 13 The instrument allows for co-localised force spectroscopy and polarised Raman spectroscopy measurements for individual FF tubes. Each AFM tip (AC240TS, Asylum) was calibrated for the sensitivity [nm/V] by acquiring a force curve from a clean glass coverslip and linearly fitting the contact region. The spring contact of the cantilever [N/m] was subsequently determined by fitting a Lorentzian curve to the thermal resonance of the tip away from a surface. This calibration allows the voltage setpoint for the AFM to be converted to an equivalent force setpoint. The polarised Raman spectra were recorded using a similar experimental setup and methods as reported previously.
14 The Raman spectra were recorded while force measurements were performed-during which the tip was kept at the corresponding force setpoint value for 50 s, while the Raman spectra were recorded for 45 s within this time window.
The Young's and shear moduli of a single tube can be determined by pressing sections of a tube at the half-way point of the suspended length L
where E and G are the Young's and shear moduli of the tube, respectively, f s is the form factor of the tube, I s is the second moment of area, A is the cross-sectional area, and L is the suspended length. The term E b is the bending modulus and is written in terms of the force applied by the AFM tip, and the deflection as
For each section of a suspended tube, an AFM image was acquired in order to measure L and the diameter D (which will then give I S ). The deflection d was obtained by finding the difference in the piezo-stage z-position for the same force setpoint (60 nN) between measurements on and away from the midpoint of the suspended tube, as seen in Fig. 2(b) . Effects due to deformation and indentation have been excluded, as these been shown to occur only at sufficiently elevated temperatures. 15 Prior to obtaining co-localised force spectroscopy and Raman spectroscopy data from individual FF tubes, the elastic moduli of four FF tubes (two of which have diameter larger than 1500 nm, and two have diameter of roughly 800 nm) were measured using the bending beam model to establish the accuracy of this method (Fig. 2) . For each tube, the values of E and G were calculated by linearly fitting the results shown in Fig. 2(b) . The force spectroscopy results indicate that the Young's and shear moduli for this particular FF nanotube are 25 6 4 GPa and 0.28 6 0.05 GPa, in agreement with previous reports. 11 The elastic moduli for the FF tubes are significantly higher than for other cross-b amyloid structures investigated previously (2-14 GPa). 8 To provide insight into the contributions of the H bonding network and side-chain interactions to the elastic moduli of the FF tubes, Raman spectra and force spectra were acquired for individual FF tubes. Fig. 3 shows an example of co-localised AFM force spectra and polarised Raman spectroscopy measurements for a typical FF tube. After the collection of force spectra that allowed calculation of the Young's modulus, polarised Raman spectra were acquired from the same FF tubes while using the AFM tip to apply forces in the range of 0-240 nN.
The band assignment for the Raman spectra of FF nanotubes has been reported earlier based on experimental and density functional theory. 14 In particular, the 1249 cm
À1
Raman band was assigned to the amide III band, which corresponds to the combination of C-N stretching and N-H inplane bendings. 14, 16, 17 The polarization dependence of the amide III band is noticeable in Fig. 3 as the intensity in the XX configuration is higher than in the ZZ configuration, indicating that the principal axis of the Raman tensor of the amide III vibration is oriented perpendicular to the axis of the nanotubes (the first index denotes the laser polarization and the second index represents the direction of the analyzer, while the excitation laser and the Raman back-scattered radiation propagated in the Y direction). The frequency of the amide III band depends on the properties of the backbone, peptide bond, and conformation of peptides (Ramachandran angles) as well as hydrogen bonding at the N-H and C ¼ O. Theoretical studies have showed that hydrogen bonding at N-H site can increase the vibration frequency of the amide III band by $22 cm
. 18 Experimental evidence of blue-shifting of the amide III band upon H bonding at the N-H site has been reported, both for a-helical and b-sheet polypeptides. 19 In addition, comparison between experimental and theoretical calculations of the Raman spectra of polypeptides allowed the estimation of the force constants corresponding to H bonds based on the frequency of the amide III band. [20] [21] [22] Theoretical calculations showed that for b-sheet polypeptides, such as b-(Ala) n strong H bonds (N-H…O angle $165
, H…O distance $1.76 Å ) led to amide III band at $1243 cm
, which corresponds to a force constant of 15 N/m. 21, 22 On the other hand, a lower frequency of the amide III band in the Raman spectrum of b-(GlyI) n (1234 cm and H…O distance of $1.86 Å .
12 Fig. 3 also shows that no shifts in the frequency of the amide III were detected in the polarised Raman spectra when forces in the range of 0-240 nN were applied to the FF tubes. These results indicates that bending of the FF tubes led did not change the force constants associated to the H bonding, suggesting a strong contribution of the H bonding network to the mechanical properties of the tubes.
Apart from the H bonds associated to the N-H sides of the amide bonds, there are an additional six H bonds per unit cell associated to the head-to-tail interactions NH 3 þ … -OOC (Fig. 4) . Based on the X-ray data of FF crystals, H…O distance, 12 suggesting a lower force constant, of f HT ¼ 13.87 N/m compared to the H bonds corresponding the amide bonds. Using the values for the force constants for the H bonding, the contribution of the H bonding network in to the Young's modulus of FF nano-and micro-tubes can calculated by using a simple network of springs linking the units cells along the tube axis
where h ¼ 5.38 Å distance between the ring-like structures of six molecules (or the unit cell along the tube axis), and
À2 is the density of the H bonds. The value of $17.6 GPa for the H bonding contribution is in close agreement to the theoretically estimated value of $17 GPa attributed to the back-bone H bonding network in cross-b amyloids. 8 In addition to H bonding interactions, Fig. 4 shows that interactions between the phenyl rings can also produce a considerable contribution to the elastic modulus in the Z direction. It is known that the benzene dimer can form two distinct stable configurations, commonly termed Tshaped and parallel-offset interactions.
23 Fig. 5(b) shows a cross-section of the atomic model for the FF tubes (built using supplementary material from Azuri et al.
12
), with the phenyl interactions split into green boxes and blue triangles depending on whether they are directly between two backbone rings, or between three rings, respectively. Fig. 4(b) shows the arrangement for these sections along the tube axis (hydrogens removed for clarity). The interactions can be viewed as combinations of T-shaped and parallel offset interactions in both groups of phenyl rings. The interaction strength can be estimated from the potential curves for benzene dimers 24 and using the fact that there are 12 phenyl side chains in the unit cell, 6 in a green box region and 6 in the blue triangular region. For the T-shaped interactions in the green boxed regions, the equilibrium potential and separation (measured from molecular model 12 ) are À2.1 kcal/mol and h T-green ¼ 5.0 Å , respectively. Modelling the interaction as a harmonic oscillator gives a spring constant of f T-green ¼ 0.11 N/m. Similarly, for the phenyl rings in the blue triangular regions, the equilibrium potential and separation are À2.6 kcal/mol and h T-blue ¼ 4.6 Å , leading to a force constant of f T-blue ¼ 0.17 N/m. For the parallel-offset configuration of the phenyl rings, the energy can be estimated using the potential function reported by McGaughey et al., 25 for a centroid distance measured to be h offset ¼ 5.38 Å (similar to the green and blue boxed regions). This leads to an energy of À0.4 kcal/mol, which in turn gives a force constant of f offset ¼ 0.048 N/m. Using these values, the contribution of the p-p interactions to the Young's modulus is
where A ¼ 23.89 Â 23.89 Å is the area of the unit cell. From the T-shaped interactions, the Young's modulus is 0.15 GPa, and the contribution of the parallel offset interactions is 0.05 GPa, providing a total contribution to the Young's modulus of FF tubes of 0.20 GPa. Knowles et al. 8 estimated the range of the side-chain contributions to the Young's modulus for cross-b amyloid fibrils using a surface-tension model, which resulted in a range of 0.03-0.13 GPa. The value of 0.20 GPa calculated here is significantly higher than the upper limit specified for amyloid fibrils. 8 However, this contribution is still almost two orders of magnitude lower than the contributions from the intermolecular H bonding. Nevertheless, the estimated Young's modulus of 17.8 GPa is significantly lower than the experimentally measured modulus of 25 GPa from the bending beam model. First, neglecting the anisotropy of these materials may cause the bending beam model to give an overestimate of the Young's modulus. Second, the calculations of the backbone and side-chain interactions may not take into account all aspects of intermolecular interactions contributing to the elastic moduli, such as, for example, the residual water molecules inside the pores, which simulations have shown to be stabilizing. 26 The integrated atomic force and polarized Raman microscope (AFM-PRM) was used to measure the elastic moduli of individual diphenylalanine nano-and micro-tubes and to obtain quantitative information regarding the inter-molecular interactions that define the mechanical properties. Colocalised force spectroscopy and Raman spectroscopy measurements allowed the calculation of the Young's and shear moduli (25 6 5 GPa and 0.28 6 0.05 GPa, respectively) and the contribution of hydrogen bonding network to the Young's modulus ($17.6 GPa). The p-p interactions between the phenyl rings have an estimated total contribution to the Young's modulus of FF tubes of 0.20 GPa. Although this contribution is significantly larger compared to side-chain interactions in other amyloid fibrils, it is clear that the elastic properties of the FF tubes are dominated by the backbone H bond network.
The combination of AFM-force and polarized-Raman spectroscopy in a single instrument allows for quantitative co-localised mechanical and structural measurements on individual FF nanotubes. In principle, this technique could be applied to other nanoscale peptide fibrils for similar measurements at the scale of single fibrils.
